Abscisic acid (ABA) regulates plant adaptive responses to various environmental stresses. Oxidative cleavage of cis-epoxycarotenoids catalyzed by 9-cisepoxycarotenoid dioxygenase (NCED) is the main regulatory step in the biosynthesis of ABA in higher plants. Using RACE technology, a full-length cDNA-encoding NCED gene was isolated and characterized from the leaves of Caragana korshinskii (Peashrub). The 2442-bp full-length CkNCED1 had a 1818-bp ORF, which encodes a peptide of 605 amino acids. The deduced amino acid sequence of CkNCED1 protein shared high identity with other NCEDs. Southern blot analysis revealed that the gene CkNCED1 was a single copy in the genome of C. korshinskii. When C. korshinskii plants were exposed to a water deficit, ABA accumulation was followed by large increases in CkNCED1 mRNA in leaves and stems, but only a moderate increase in the roots. Conversely, rehydration of stressed leaves caused a rapid decrease in CkNCED1 mRNA and ABA levels. RT-PCR and Quantitative real-time PCR analysis showed that salt stress rapidly induced the strong expression of CkNCED1 in leaves and roots of C. korshinskii, as well as ABA accumulation. The expression of CkNCED1 and ABA accumulation was also induced by cold stress and the application of exogenous ABA. Taken together, these results suggest that CkNCED1 likely plays a primary role in the biosynthesis of ABA in C. korshinskii.
INTRODUCTION
Abscisic acid (ABA )is an essential phytohormone that plays critical roles in the regulation of physiology, growth and development in higher plants. ABA mediates stomatal aperture, seed dormancy, fruit maturation and is involved in plant adaptation to environmental stresses such as salinity, drought and cold (Davies and Zhang, 1991; Leung and Giraudat, 1998) . ABA is indirectly derived from C40-cis-epoxycarotenoids, the 9-cis-epoxycarotenoid dioxygenase (NCED) cleaves C40-cis-epoxycarotenoids to produce xanthoxin, which is the direct C15 precursor of ABA (Zeevaart and Creelman, 1988; Cutler and Krochko, 1999; Liotenberg et al., 1999) . Biochemical studies indicate that the reaction catalyzed by the plastid enzyme NCED is the key regulatory step in ABA biosynthesis (Kende and Zeevaart, 1997; Seo and Koshiba, 2002; Nambara and Marion-Poll, 2005) .
The first NCED cDNA was obtained from the ABAdeficient Vp14 mutant of maize . Subsequently, sequences homologous to this gene were obtained from Lycopersicon esculentum designated as LeNCED1 (Burbidge et al., 1997) . More recently, several NCED genes have been cloned and characterized in different plant species, including stylo (Stylosanthes guianensis) (Yang and Guo, 2007) , Arabidopsis thaliana (Iuchi et al., 2001) , cowpea (Vigna unguiculata) (Iuchi et al., 2000) , avocado (Persea americana) (Chernys and Zeevaart, 2000) and bean (Phaseolus vulgaris) (Qin and Zeevaart, 1999) , as well as, in the parasitic plant giant dodder (Cuscuta reflexa) (Qin et al., 2008) . In some species, NCED-like genes comprise a small multigene family, with only a subgroup is involved in stress responses and in the regulation of ABA biosynthesis (Chernys and Zeevaart, 2000; Tan et al., 2003; Rodrigo et al., 2006) .
The expression of NCED genes, and the subsequent regulation of ABA biosynthesis, has been studied exten-sively in several plant species. While, in general, water stress is known to induce the expression of NCED genes, which is accompanied by an accumulation of ABA Burbidge et al., 1999; Thompson et al., 2000a; Xiong and Zhu, 2003; Nambara and MarionPoll, 2005; Yang and Guo, 2007) and an increase of the corresponding NCED protein in leaves (Qin and Zeevaart, 1999) , the patterns of expression of NCED in other organs or under other stresses are not well known. Three NCED-like genes were captured in avocado, and PaNCED1 and PaNCED3 were found to be induced in ripened fruits (Chernys and Zeevaart, 2000) . In the Arabidopsis five-NCEDs-gene family, AtNCED2 and AtNCED3 were expressed in roots (Tan et al., 2003) , whereas AtNCED6 and AtNCED9 expression could be detected in seeds (Lefebvre et al., 2006) . VuNCED1 from cowpea was strongly induced by salt stress (Iuchi et al., 2000) . Recently, the expression character of the SgNCED1 gene has been reported. SgNCED1 transcription and ABA accumulation could be induced in leaves and roots under dehydration, salt, chilling and drought stress (Yang and Guo, 2007) . At the developmental stage, the LeNCED1 gene was highly expressed at the breaker stage (Zhang et al., 2009 ). Moreover, the over expression of the NCED gene has been shown to enhance ABA accumulation and drought tolerance in transgenic plants (Thompson et al., 2000b; Iuchi et al., 2001; Qin and Zeevaart, 2002; Zhang et al, 2008) .
C. korshinskii is a deciduous perennial shrub of sandy grassland and desert. The species is distributed across half-fixed and fixed sandy regions in northwest China and Mongolia (Fu, 1989) . Although it has been demonstrated in the literature that the species is highly stress tolerant (Zhang, 1994; Wang et al., 2007) , most research on C. korshinskii has focused only on the introduction and domestication of the species, and not on the physiology. Although several NCED1 genes have been cloned, the homologous genes from pasture plants are still limited. In the present study, we cloned a NCED1-like gene from C. korshinskii to evaluate the developmental and stress regulation of CkNCED1 genes in relation to ABA biosynthesis in this highly stress tolerant plant. Molecular analysis of stress tolerance in C. korshinskii may be useful for improving stress tolerance in pasture or other crops using transgenic plant techniques.
MATERIALS AND METHODS
Plant material and treatments Germinated seeds of C. korshinskii were sown in 10 cm diameter plastic pots containing a mixture of vermiculite and perlite (3:1, v/v). Seedlings were grown under natural light in a greenhouse at temperatures ranging from 25 to 30°C and irrigated appropriately. Plants were harvested for experiments when they were 4-weeks old.
For the dehydration treatment, plants were carefully removed from the soil to avoid injury, subjected to dehydration on filter papers at room temperature at a relative humidity of approximately 40% for 1, 2, 4, 8, 10 and 12 h. Wilted plants were rehydrated by transferring to well-watered soil for 1, 2, 4, and 8 h. For salt and ABA treatments, plants were carefully removed from the soil, and then hydroponically grown in a solution containing 200 mM NaCl and 100 μM ABA for 0, 1, 2, 4, 8, 12 and 24 h. For the cold-stress treatment, potted plants were transferred to an incubator at 4°C, and were then subjected to the stress treatment for 0, 1, 2, 4, 8, 12 and 24 h.
Isolation of CkNCED1 fragment and sequence analysis Total RNA was prepared from the dehydrated leaves of C. korshinskii using TRIzol reagent (Invitrogen, California, USA). First-strand cDNA was synthesized from total RNA using a commercial cDNA synthesis kit (Promega, California, USA) in the presence of oligo(dT) 18 . Degenerate primers (DP1,5'-GTGCCGG(G/T)CACCACT-TCTTCGACG-3'; DP2,5'-CACTCTTCAAACTCTC(C/G/A) TCGCATTC-3') for NCED1 gene were synthesized based on the sequences of the homologous gene from pea (Pisum sativum), bean (Qin and Zeevaart, 1999) , cowpea (Iuchi et al., 2000) , S. guianensis (Yang and Guo, 2007) and peanut (Arachis hypogaea) (Wan and Li, 2005) . The first-strand cDNA was used as a template for amplification of the main homology of CkNCED1 using primers DP1 and DP2. The PCR fragment was purified with an Axygen Gel Extraction Kit (Axygen, California, USA), and was ligated into a pMD-18T Vector (Takara, Japan), from which single clones were sequenced. The 5'end and 3'end sequences were captured using the smart RACE cDNA Amplification Kit (Clontech, USA) according to the manufacturer's protocol. The gene-specific primer for 5'RACE was GSP5'(5'-CCACTTAATCCCCGAAGCAT-CACT-3'), for 3'RACE was GSP3'(5'-AGTGATGCTTCG-GGGATTAAGTGG-3'). Following RACE the PCR fragment was ligated into pMD-18T vector and sequenced.
A sequence analysis was performed using LASER-GENE software (DNAstar, Madison, WI, USA). Prediction of transit peptide and cleavage sites of CkNCED1 proteins was carried out using the online software ChloroP (http://www.cbs.dtu.dk/ services/ChloroP/). The multiple alignment and phylogenetic analyses were performed using the bio-software DNAMAN6.0 (Lynnon Biosoft, USA) and MEGA4.0 (http://www.megasoftware.net/ mega4/mega.html).
Southern analysis Genomic DNA of C. korshinskii was isolated from young leaves using the cetyl-trimethyl ammonium bromide method (Murray and Thompson, 1980) . DNA (10 μg) was digested with restriction endonuclease XhoI, XbaI, EcoRV and SacI, respectively, then fractionated in a 0.8% (w/v) agarose gel and blotted onto a Hybond-N + nylon membrane (Amersham Pharmacia, Uppsala, Sweden). The filter was hybridized with 32 PdCTP-labeled CkNCED1 fragments in 30% (w/v) formamide. The filter was washed three times with 2 × SSC, 0.1% SDS; 1 × SSC, 0.1% SDS and 0.5 × SSC, 0.1% SDS for 15 min at 65°C.
Reverse transcription PCR and quantitative realtime PCR analysis
Total RNA was prepared from leaves or roots of C. korshinskii plants treated or untreated as described above. First-strand cDNA was synthesized from total RNA using a cDNA synthesis kit and stored at -20°C before use. Reverse transcription (RT)-PCR and quantitative real-time PCR were performed for gene-specific primers using software PRIMER-EXPRESS (Applied Biosystems, Foster, CA, USA) and listed below. The RT-PCR products were loaded on 1% agarose gels and imaged using a CCD camera. Gene expression levels were compared by the band density, after normalization of initial variation in sample concentration by the density of the housekeeping gene actin. The actin gene sequence was obtained using homology cloning based on the sequences of the homologous gene. Quantitative real-time PCR was performed with an ABI 7000 sequence-detection system according to the manufacturer's protocol (Applied Biosystems, Foster, CA, USA). Triplicate quantitative assays were performed on each cDNA sample. The relative quantification method was used to evaluate quantitative variation among the replicates examined. To account for differences in total RNA present in each sample, the amount of cDNA calculated was normalized using the amount of actin cDNA detected in the same sample. Data were then analyzed with ABI Prism 7000 SDS software version 1.1 (Applied Biosystems, Foster, CA, USA). The primers used in RT-PCR and real-time PCR analyses were as follows: forward: 5'-CTCCGAAACAAAACCATTACCCCAAC-3', reverse: 5'-TTCGGTGAAGCGGCAAGA-GTAG-3', CkACTIN forward: 5'-GTGGTCGTACAACTGGTATTGTG-3', and CkACTIN reverse: 5'-GAACCTCCAATCCAGACACTG-3'.
Determination of ABA content The method described by Zhang et al. (2009) was used for ABA extraction. Leaves or roots (0.2 g) were ground in a mortar and homogenized in an extraction solution (80% methanol, v/v). Extracts were centrifuged at 10,000 g for 20 min. The supernatant liquid was eluted through a Sep-Pak C18 cartridge (Waters, Milford, MA, USA), to remove polar compounds, and then stored at -20°C for enzyme-linked immunosorbent assay (ELISA). The ELISA procedures were conducted according to the instructions provided by the manufacturer (China Agricultural University, Beijing, China). ABA was determined by Thermo Electron (labsystems) Multiskan MK3 (PIONEER Co., China). An analysis of variance was performed using the least significant difference (LSD) test at 0.05 probability level when the F-test showed a significant (P ≤ 0.5) effect using a DPS program (DPS6.0). amino acids, 202 hydrophobic amino acids and 159 polar amino acids.
RESULTS

Identification of the
With the aid of the prediction algorithm ChloroP described by Emanuelsson et al. (1999) and online software ChloroP, it was predicted that an 87-aa putative chloroplast transit peptide was located at the N-terminus of the CkNCED1 (Fig. 1) . The amino acid sequence of CkNCED1 was highly homologous to PsNCED1 from pea (84.2% identity) and other NCEDs of four leguminous plants, PvNCED1 (from Phaseolus vulagris), VuNCED1 (from V. unguiculata), AhNCED1 (from A. hypogaea), and SgNCED1 (from S. guianensis) (Fig. 1) . Multiple alignments of CkNCED1 and 12 other NCEDs were performed using the DNAMAN6.0 bio-software, and a phylogenetic tree was generated by the neighbor-joining (NJ) method using MEGA4.0 program. The results showed that while CkNCED1 was homologous to other all NCEDs, it was most closely related to PsNCED1 (Fig. 2) . To examine the distribution of the CkNCED1 gene in the Caragana genome, Southern blot analysis was performed using the coding region of CkNCED1 cDNA as a probe. As shown in Fig. 3 , CkNCED1 hybridized with only one genomic fragment in four different restriction digestions, indicating that CkNCED1 exists as a single-copy gene in the C. korshinskii genome or the homology among CkNCEDs is quite low.
CkNCED1 expression and ABA accumulation was induced by stresses First, the organ-specific expression of CkNCED1 was detected. We treated C. korshinskii Fig. 4 . An RT-PCR analysis of the induction of the CkNCED1 gene in different organ treated by dehydration. After 4 h of the dehydration treatment, total RNA was isolated from leaves, stems and roots of the C. korshinskii plants. The first-strand cDNA was synthesized from total RNA using reverse transcriptase. The quantity of actin cDNA was used as a control. plants with or without 4 h dehydration. The CkNCED1 transcript level could not be detected in the leaves, stems or roots of plants grown under normal conditions, but after dehydration for 4 h, the plants wilted, and CkNCED1 transcript level increased remarkably in the leaves and stems, and there was a moderate transcription level in the roots (Fig. 4) .
Dehydration-induced expression of the gene was analyzed. The 4-week-old plants were removed from the soil and dehydrated for a time course of 12 h. Similar C. korshinskii plants were transplanted to well-watered soil to serve as a control. Total RNA was then isolated from dehydrated and control plants for RT-PCR and real-time PCR. As Fig. 5A shows, CkNCED1 gene was significantly induced by dehydration stress in a duration dependent fashion. CkNCED1 mRNA began to accumulate within just 1 h from the start of dehydration, reached an expression peak at 8 h, and then declined. Accompanied the increase in transcript level, ABA content in leaves also accumulated gradually (Fig. 5B) . This result suggests that CkNCED1 is responsible for ABA biosynthesis under a water-deficit stress.
C. korshinskii plants dehydrated for several hours appeared wilted. These wilted plants could recover from wilting within 4 h after being transferred to well-watered soil. After rehydration, the mRNA level of CkNCED1 decreased, as did ABA (Fig. 5) .
Gene dynamic expression under salt stress was also examined. Salt stress strongly induced the expression of CkNCED1 and ABA accumulation in leaves of C. korshinskii. The transcription level was detected after just 1 h of the treatment. Subsequently, gene expression increased up to 24 h (Fig. 6A) . ABA accumulation began to increase from 2 h, and continued to increase up to 24 h (Fig. 6B ). An up-regulation in expression was also observed for the roots, but the gene expression and ABA content in roots was lower than it was in leaves (Fig. 6A  and 6C ). This result was consistent with a study on bean (Qin et al., 1999) . It is possible that leaves produce more ABA to regulate stoma closure. This result indicated that salt stress induced CkNCED1 gene expression and ABA accumulation in C. korshinskii, and that the timing of the CkNCED1 gene induction occurs slightly earlier than that of ABA accumulation.
For cold stress, we incubated the C. korshinskii plants at 4°C for a period of 24 h. CkNCED1 transcription was not detected in the control plants grown at room temperature. After cooling for 4 h there was a slight increase in CkNCED1 expression. Subsequently, the transcription level was enhanced gradually (Fig. 7A) . ABA content also increased slightly during the cold treatment and was still low after 12 h. It reached a higher level after cooling overnight (Fig. 7B) .
The effect of exogenous ABA on CkNCED1 mRNA was also investigated. As shown in Fig. 7C , exogenous ABA application induced CkNCED1 transcription and gene expression, which occurred at earlier timepoints than observed during the cold treatment. Furthermore, transcription remained at a lower level for a longer period in the presence of exogenous ABA, as compared to cold treatment (Fig. 7C ). This process was accompanied by a slight increase in endogenous ABA content (Fig. 7D ).
DISCUSSION
It is well known that ABA plays an important role in mediating the responses of higher plants to environmental stresses. ABA biosynthesis is regulated by the cleavage step of cis-epoxycarotenoids, which is catalyzed by NCED (Xiong and Zhu, 2003; Nambara and Marion-Poll, 2005) . In the present study, a NCED-like gene (CkNCED1) was cloned from the dehydrated leaves of C. korshinskii. CkNCED1 had 2442-bp full-length with an ORF of 1818 bp, which encodes a peptide of 605 amino acids. The deduced amino acid sequence shares high identity to other plant NCEDs. In the genome of several plant species, ABA biosynthesis is controlled by a small family of NCED genes. In Arabidopsis, five AtNCEDs have been cloned and studied for expression and subcellular localization (Tan et al., 2003) . The cowpea genome also has a small gene family of the VuNCED1 gene based on genomic Southern-blot analysis (Iuchi et al., 2000) . In our study, the Southern-blot results indicate that the CkNECD1 gene is a single-copy gene or the gene family is in low homology.
Previous studies have shown that a water deficit induces up-regulation of the NCED1 gene, however, the responses to other stresses are complicated. Both the accumulation of ABA and the expression of cowpea VuNCED1 were strongly induced by drought stress and the gene was strongly induced under high-salt conditions, but not by cold, heat stress or when exogenous ABA was applied (Iuchi et al., 2000) . In addition, PvNCED1 mRNA was induced by water stress at 7°C, but not at 2°C (Qin and Zeevaart, 1999) . In a recent report by Yang and Guo (2007) , SgNCED1 transcription and ABA accumulation were induced by variety abiotic stresses such as water deficit, salt stress and chilling. In the present research, dehydration and salt stress induced marked CkNCED1 expression and endogenous ABA accumulation in C. korshinskii. The transcription of CkNCED1 was slowly up-regulated at low temperatures, and the application of exogenous ABA also induced a slight accumulation in CkNCED1 mRNA.
C. korshinskii, a sandy grassland and desert shrub species, shows a strong tolerance to severe environmental conditions making it well suited to half-fixed and fixed sandy regions (Wang et al., 2007) . Interestingly, S. guianensis, also a pasture legume, is tolerant of drought and phosphate-deficiency, and the expression pattern of the SgNCED1 gene under stress is similar to that of CkNCED1 (Yang and Guo, 2007) . Thus, it could be predicted that long-term exposure to severe environmental conditions could result in more multiple and sophisticated adaptive mechanisms in tolerant species. In present study, abiotic stresses induced the up-regulation of CkNCED1, and consequently enhanced endogenous ABA accumulation, which substantially mediates gene expression related to stress tolerance (Kurkela and Franck, 1990; Chandler and Robertson, 1994) , which in turn, may be responsible for the enhanced stress tolerance of C. korshinskii.
The expression of CkNCED1 and the accumulation of ABA were significant when plants were exposed to dehydration and salt stress. This result is similar to that observed for SgNCED1 in S. guianensis (Yang and Guo, 2007) . However, Iuchi et al. (2000) reported that the VuNCED1 gene was strongly induced in leaves and stems by drought stress, but only slightly in roots. Moreover, salt stress also induced the expression of CkNCED1 and ABA accumulation in roots, but ABA content was higher in the leaves than in the roots. Similar differences in ABA levels have also been reported for other stressed plants (Cornish and Zeevaart, 1985; Qin and Zeevaart, 1999; Yang and Guo, 2007) .
Throughout the course of the stress treatments, ABA content and NCED1 gene expression displayed a dynamic change. During dehydration, SgNCED1 transcript and ABA levels were progressively induced and reached a maximum at 5 h post dehydration. The SgNCED1 transcript and rapid ABA accumulation could be detected after 3 h of salt stress, and peaked after 7 h of treatment (Yang and Guo, 2007) . The study on bean plants showed that the induction of PvNCED1 mRNA and protein was transient; the levels of both started to decline after 4 h of dehydration (Qin et al., 1999) . CkNCED1 transcription and ABA levels were also up-regulated by dehydration, but the expression and ABA level did not decline until 8 h. After exposed to salt stress for 24 h, CkNCED1 maintained a high level of expression (Fig. 6 ). Therefore, it is possible that NCED1 genes show different response patterns in different species.
Several researches indicated that over-expression of NCED gene in transgenic plants enhance ABA accumulation and increases the tolerance to drought (Iuchi et al., 2001; Qin and Zeevaart, 2002; Aswath et al., 2005; Wan and Li, 2006; Zhang et al., 2008) , and salt stress (Aswath et al., 2005; Zhang et al., 2008) . CkNCED1 expression and ABA accumulation were maintained at a high level for a longer period under a variety of abiotic stresses, which indicates that C. korshinskii likely possesses strong stress tolerance. Further investigation of the gene function by using CkNCED1-overexpressing transgenic plants will be helpful for the analysis of CkNCED1 gene in stress-tolerance regulation.
In conclusion, from C. korshinskii, we obtained a NCED1-like gene that encodes the 9-cis-epoxycarotenoid dioxygenase, a key enzyme involved in ABA biosynthesis. Water deficit, salt-stress, cold and ABA application induced CkNCED1 expression thereby regulating ABA synthesis, which in turn mediated the stress signalling to regulate expression of genes that are involved in stress tolerance. Therefore, the shrub legume pasture likely possesses the eximious germ plasm that can contribute to the breeding of resistant crops.
